Abstract. A study of the sensitivity of the simulated Asian summer monsoon to changes in general circulation model formulation is reported. The baseline version of the model fails to realistically simulate the precipitation, wind, and temperature fields. In one experiment the stratiform cloud parameterization was changed from a simple large-scale saturation scheme to a scheme that prognostically determines cloud water, cloud ice, and rain. In a second experiment a parameter that relates the cumulus mass flux to the cumulus kinetic energy was altered so as to increase the convective adjustment time. These changes in the stratiform and cumuliform cloud parameterizations significantly improve the simulations of the precipitation and upper level wind fields, respectively.
gular momentum ensures that a northward migration of the ITCZ is associated with both low level westerlies and upper level easterlies, between the equator and the ITCZ [Schubert et at., 1991] . Zhang [1994] investigated the sensitivity of the simulated Asian summer monsoon to the parameterization of cumulus convection in the atmospheric general circulation model (GCM) of the Canadian Climate Centre. He compared the results of a simulation with a mass flux-based convection parameterization using a buoyancy closure to results obtained with no convective parameterization at all and also to the results of a third simulation using moist convective adjustment. He found that in the simulations with moist convective adjustment and with no convection parameterization at all, the westerlies of the Somali jet extended unrealistically across Southeast Asia and into the western Pacific. The mass flux scheme produced a more realistic Somali jet, confined to the west of about 90øE longitude. The mass flux scheme also gave a more realistic distribution of precipitation, with plentiful rainfall over India, and the rainfall maximum in the western Pacific displaced toward the south, near the equator, as observed. The other two simulations gave less precipitation over India and moved the western Pacific precipitation maximum northward, contrary to observations. Zhang interpreted his results in terms of changes in the gross moist stability associated with the introduction of the mass-flux scheme.
Stingo et at. [1988] analyzed the response of the GCM of the European Centre for Medium Range Weather Forecasts (EC-MWF) to changes in the radiation and convection parameterizations. They found a strong sensitivity of the simulated Asian summer monsoon, and especially the monsoon onset, to these parameterized processes.
The purpose of this paper is to further investigate the dependence of the Asian summer monsoon on parameterized physical processes by examining the results from several versions of the Colorado State University (CSU) GCM. Section 2 describes the versions of the CSU GCM used in this paper, in particular introducing the land-surface parameterization, the prognostically closed cumulus parameterization, and the stratiform cloud microphysics parameterization. The experiments essentially document the response of the simulated Asian summer monsoon to the evolution of the GCM over the past 7 years. Section 3 presents the Asian summer monsoon clima- Each version of the CSU GCM to be examined in this paper has a fairly coarse horizontal grid spacing of 4 ø in the meridional and 5 ø in the zonal direction, which is adequate to represent the Indian peninsula but not fine enough to resolve the Western Ghats. The horizontal discretization is based on finite differences, following the methods of Arakawa and Lamb [1977, 1981] . The vertical structure of the atmosphere is represented using 17 layers, with a top at 51 mbar. The top two layers comprise the lower stratosphere, while the lowest layer is identically the planetary boundary layer (PBL). The PBL parameterization is described by Suarez et al. [1983] ; it makes use of the assumption that the PBL is well-mixed in conservative variables. The PBL depth and the turbulence kinetic energy (TKE) are prognosed. All versions of the model as discussed in this paper use a modified Arakawa and Schubert [1974] cumulus parameterization [Randall and Pan, 1993; Pan and Randall, 1998 ], in which a prognostic cumulus kinetic energy is used in lieu of the strict quasi-equilibrium closure. The parameterizations of shortwave and longwave radiation follow the work of Harshvardhan et al. [1987, 1989] .
The GCM has undergone rapid development over the past 5 years; we have replaced the cumulus parameterization [Randall and Pan, 1993; Pan and Randall, 1998; Ding and Randall, 1998 ], the land-surface parameterization [Sellers et al., 1996a, b; Randall et al., 1996] , and the stratiform cloud parameterization [Fowler et al., 1996; Fowler and Randall, 1996a, b] . These changes have led to major improvements in the simulation of the Asian summer monsoon, but because the changes were made in parallel and then merged, the current model expresses their combined effects.
For purposes of this paper, we define a "baseline" version of the model which uses the oldest versions of the model components under study. These include a "bucket model" landsurface parameterization [Manabe, 1969] , a crude "large-scale saturation" parameterization of stratiform cloud processes, and a "low-a" version of the cumulus parameterization (explained below). In the course of the present study we analyzed the Asian summer monsoon simulations produced by this baseline version of the model. As discussed in detail below, the baseline run produces a rather poor simulation of the Asian summer monsoon.
The improved land-surface parameterization tested here is well as water vapor. It explicitly couples cumulus convection with stratiform anvils, includes such microphysical processes as the collection of cloud water by falling rain, and also includes a parameterization of the radiative properties of the clouds in terms of the predicted cloud water and cloud ice distributions. We performed a simulation which differs from the baseline run only through the replacement of the large-scale saturation parameterization by Eauliq. This Eauliq-only run is not discussed in this paper, however, because its results are similar to those of the S2E run (discussed below). Eitzen [1996] gives a detailed analysis of the results of the Eauliq-only run.
The S2E run listed in Table 1 differs from the baseline run through the addition of both SiB2 and Eauliq. As will be discussed in section 3, the results of the S2E run are considerably more realistic than those of the baseline run. The simulated precipitation distribution, in particular, is much improved over that of the baseline run.
We also examined the sensitivity of the simulated Asian summer monsoon to a simple but important change in the cumulus parameterization. The parameterization makes use of a prognostic cumulus kinetic energy, K, as discussed by Randall and Pan [1993] and Pan and Randall [1998] . The cumulus cloud base mass flux M, is related to K by a parameter a: Crudely speaking, 1/c• measures the efficiency with which convective available potential energy (CAPE) can be utilized to produce a cumulus mass flux. The mass flux warms and dries, tending to reduce the CAPE. When a is small, very little CAPE is needed to allow convective heating and drying, so the sounding tends to be warm and dry (corresponding to small values of the CAPE). When a is larger, more CAPE is needed to allow convective warming and drying, so the sounding tends to be cooler and more humid (corresponding to larger values of the CAPE). For a given value of K, larger a means smaller M B. It is the value of MB which actually determines the cumulus heating and drying rates, for a given thermodynamic sounding, so (1) implies that larger values of a reduce the cumulus heating and drying rates for a given value of K. As a is increased, the cumulus precipitation rate decreases and the stratiform precipitation rate increases [Pan and Randall, 1998 ].
In addition, larger values of a correspond to longer convective adjustment times, so that convective quasiequilibrium is enforced less rigidly. We emphasize that there is no reason whatsoever to suppose that a is a constant. We currently lack a theory to determine a, and so we assume constant values for simplicity, but we recognize the need to explore the sensitivity of our results to the value used. The baseline run uses a -10 7 m 4 kg -•. We also performed a "high-a" run in which a was increased dramatically, by a factor of 100, to 10 9 m 4 kg -•. The values of a considered here are compatible with the cumulus ensemble model results of Xu and Arakawa [1992] . The high-a run includes SiB2 and Eauliq, so we compare it with the S2E run. The effect of increasing a is to cool and moisten the atmosphere, leading a considerable improvement in the thermal structure and the associated thermal winds.
Data Sources
As noted earlier, the Asian summer monsoon can be thought of as a local Hadley circulation. To see if the model produces a realistic simulation of this circulation, we can break it up into three branches. The low level, northward branch of the circulation can be diagnosed using the winds at 850 mbar. The upward and downward branches can be diagnosed using precipitation. The upper level, southward branch can be diagnosed using the 200-mbar winds. The surface shortwave radiation is also examined.
We have compared our simulations with observations provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis project [Gibson et al., 1996] , the Surface Radiation Budget (SRB) satellite observations [Whitlock et al., 1993] from NASA, and the precipitation data [Xie and Arkin, 1996 ] of the Global Precipitation Climatology Centre (GPCC). A "climatological" monsoon was simulated by using long-term average sea surface temperatures (SSTs) for the baseline run for a single January-December annual cycle. Observed 1985-1988 June-July-August (JJA) SSTs were used for all other runs. Table 2 lists the various observational data sets used in this study. Another way to look at the winds and temperatures in the monsoon region is to plot the zonal wind and temperature as a function of latitude and pressure at a particular longitude which passes through the monsoon region. Figure 4 shows a latitude-pressure plot of the zonal wind and temperature at 77.5øE, based on ECMWF data that were first averaged onto the CSU GCM's grid. between 20øS and 40øN ), but they are both weaker and more limited in vertical extent than observed. The high-a run is much more successful at producing strong easterly winds, although they are higher and slightly weaker than observed. The observed thermal structure at 77.5øE is not realistic in the baseline run, but it is somewhat more realistic in both the S2E and high-a runs.
To gauge the effect of the different parameterizations on surface air temperature, Figures 6a and 6b show the surface air temperature field produced by the baseline run subtracted from the S2E and high-a runs, respectively. The increase in shortwave cloud forcing caused by the addition of Eauliq (as shown in Figure 7 ) has helped to produce decreases in the surface air temperature over most land areas except the Tibetan Plateau, which experiences a net increase in absorbed shortwave radiation and a slight increase in the surface air temperature.
In summary, the baseline simulation of the midtropospheric temperatures and upper tropospheric winds is very unrealistic. The introduction of Eauliq leads to significant improvements, but major problems still remain. The high-a run produces fairly realistic results. Webster [1987] has shown that intraseasonal monsoon precipitation varies on timescales of a few days owing to synoptic weather systems and 10-20 days owing to "breaks" in the monsoon. The S2E and high-a runs produce variations in precipitation on both of these timescales. Figure 9 shows the simulated temporal spectra of precipitation from the high-a run, for 77.5øE longitude, and for latitudes 10øN near the southern tip of India, 18øN in central India, and 26øN in northern India. The signal weakens toward the north. The simulated sea level pressure also exhibits variability on the same timescales (not shown). rameterizations. Perhaps the most dramatic result obtained in this paper is the substantial improvement in the realism of the simulated climate when a high value of a is used in our cumulus parameterization. As discussed earlier, increasing a makes the cumulus parameterization less effective in producing heating and drying; the sounding therefore becomes cooler, and the water vapor content of the atmosphere increases. The cooler, more humid sounding is considerably more realistic and permits a much more realistic upper tropospheric wind field as well. Pan and Randall [1998] show that larger values of a correspond to longer convective adjustment times and looser quasiequilibrium. Our results therefore suggest that convection parameterizations with finite convective adjustment times can give more realistic simulations of the summer monsoon circulation.
